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Pigeons were trained on three-component chain schedules in which the initial component was either
a fixed-interval or variable-interval schedule. The middle and terminal components were varied among
fixed-interval fixed-interval, variable-interval variable-interval, and an interdependent variable-inter-
val variable-interval schedule in which the sum of the durations of the two variable-interval components
was always equal to the sum of the fixed-interval fixed-interval components. At issue was whether
the response rate in the initial component was controlled by its time to primary reinforcement or by
the temporal parameters of the stimulus correlated with the middle terminal link. The fixed-interval
initial-link schedule maintained much lower response rates than the variable-interval initial-link
schedule regardless of the schedules in the middle and terminal links. Nevertheless, the intervening
schedules played some role: With fixed-interval schedules in the initial links, response rates were
consistently highest with independent variable-interval schedules in the middle and terminal links and
intermediate with the interdependent variable-interval schedules; these initial-link differences were
predicted by the response rates in the middle link of the chain. With variable-interval schedules in
the initial links, response rates were lowest with the fixed-interval fixed-interval schedules following
the initial link and were not systematically different for the two types of variable-interval variable-
interval schedules. The results suggest that time to reinforcement itself accounts for little if any variance
in initial-link responding.
Key words: chain schedules, conditioned reinforcement, time to reinforcement, fixed-interval sched-

ules, variable-interval schedules, key peck, pigeons

Many previous analyses of chain schedules
have assumed that the major variable control-
ling response rate in early components of the
chain is the temporal distance to food corre-
lated with the component stimuli (Gollub,
1977). Although this empirical description
captures the usual correlation between re-
sponse rate and component order, the processes
underlying this correlation remain a subject of
disagreement. Some investigators (Staddon,
1972, 1983) have argued that relative temporal
proximity is the fundamental principle con-
trolling the strength of a reinforcement con-
tingency and hence is a primitive process not
reducible to more molecular events. Others
(Kelleher & Gollub, 1962) have argued that
performance in chain schedules should be
understood in terms of the discriminative prop-
erties of the component stimuli with regard to
the conditioned reinforcement effects of the
stimuli in the successive links of the chain. The
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major issue separating these two approaches,
apart from the appropriate level of analysis,
is whether the concept of conditioned rein-
forcement is useful as an explanatory concept
for chain schedule behavior.

Strong evidence supporting the involvement
of conditioned reinforcement in chain sched-
ules was provided by Royalty, Williams, and
Fantino (1987), who presented pigeons three-
component chain variable-interval (VI) sched-
ules. The transition between pairs of compo-
nents was varied by having the succeeding link
of the chain immediately contingent on the
response or by having a 3-s unsignaled delay
between the response producing the next link
and the actual stimulus onset. Time from the
target component to primary reinforcement was
held constant regardless of whether the unsig-
naled delay was in effect. Response rates in
the initial and middle components were re-
duced 60% to 80% by the delay contingency,
in much the same manner as previously had
been shown when unsignaled delays are added
to simple schedules of primary reinforcement
(cf. Williams, 1976). This major effect of the
delay contingency with respect to onset of the
succeeding link of the chain provides strong
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support for the conclusion that conditioned re-
inforcement by the component stimuli, not time
to the primary reinforcer of food, is a major
controlling variable.
The issue raised by the results of Royalty

et al. (1987) is how the strong effects of con-
ditioned reinforcement evident in their study
are to be reconciled with previous results in
which conditioned reinforcement effects ap-
pear to be absent. Chain schedules with more
than two links are known to maintain little
behavior in the initial links of the chain (e.g.,
Kelleher & Fry, 1962); this suggests that any
conditioned reinforcement effect of the onset
of the succeeding link is at best very weak. On
the basis of the difficulty of maintaining be-
havior in extended chains, Staddon (1983) has
suggested that chain schedules are functionally
similar to fixed-interval (FI) schedules, with
the major difference being that the early parts
of the interval are better discriminated because
they are correlated with distinct cues. Such an
analysis assumes that the discriminative prop-
erties of the initial-link cues are based on their
discriminated time to primary reinforcement
rather than to their relation to the next link
in the chain.

In general, previous studies that have shown
weak behavior in the initial link of a three (or
more) link chain have used Fl schedules in
each component of the schedule. This may be
important because direct comparisons of chains
with VI versus Fl components have shown that
the former produce substantially higher re-
sponse rates in the initial links (Gollub, 1958,
as summarized by Kelleher & Gollub, 1962).
This difference, combined with the condi-
tioned reinforcement effects obtained by Roy-
alty et al. (1987) with VI components, suggests
that chain schedules with FI components may
be much less sensitive to conditioned reinforce-
ment effects. One possible reason for such a
difference is that temporal discrimination of
the availability of reinforcement is easier with
Fl components, because with VI components
the time to reinforcement can be highly vari-
able. Thus, the conditioned reinforcement ef-
fects that occur with VI schedules may be over-
riden by the temporal discrimination possible
when FI schedules are involved.
An alternative explanation of the weak ini-

tial-link behavior in chain FI FI FI schedules
is that the conditioned reinforcement proper-
ties of the stimulus onset of the second link are

themselves very weak. The lack of effective
conditioned reinforcement would be expected
on the basis of the pattern of response rate
maintained by Fl schedules. The onset of the
FI typically produces a near-zero response rate,
presumably because it is temporally distant
from reinforcement (whether food or access to
the succeeding link of the chain) and thus is
a period of discriminated extinction. It should,
then, not be surprising that the behavior pro-
ducing that stimulus onset is maintained very
weakly.
A critical issue for understanding the role

of conditioned reinforcement in chain sched-
ules is whether the controlling variable for
initial-link behavior is the "value" of the fol-
lowing-link stimulus or the temporal relation
of the initial link itself to primary reinforce-
ment. A simple comparison of chain Fl FI Fl
and chain VI VI VI schedules does not sep-
arate these alternatives because the schedules
differ both with respect to time to food and
time to the succeeding links of the chain. This
is true even when the nominal values of the
Fl and VI components are the same, because
the chain with VI components is comprised of
a variable distribution that includes several
short intervals (both to food and the following
link), which a variety of evidence implicates
as the important variable (e.g., Killeen, 1968).
What is needed to separate the alternatives is
a schedule in which the time from the initial
link to food is held constant, as it is with FI
components, while the time in the succeeding
link is variable, as it is with VI components.
To the extent that response rate in the initial
link varies as a function of the temporal prop-
erties of the middle link, independent of changes
in time to food, then presumably it is the value
of the middle-link stimulus that controls ini-
tial-link responding.
The present study compared the effects of

three types of chain schedules. The first two
were initially chain Fl 33 FI 33 FI 33 (all
values in seconds) and chain FI 33 VI 33 VI
33. In the second phase the initial links for
both were changed to VI 33. The expectation,
on the basis of the results of Royalty et al.
(1987), was that initial-link response rates
would be high when the middle and terminal
links were VI schedules, whereas based on
other data (e.g., Kelleher & Fry, 1962), the
initial-link response rates with Fl schedules
in the intervening links generally would be
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low. The critical test was the effect of a third
type of chain in which the middle and terminal
links were VI schedules with intervals that
always summed to the same value as the cor-
responding FI schedules. That is, the interval
of the middle component varied randomly from
zero to the sum of the two Fl components (in
this case 66 s), while the interval of the ter-
minal component was always the difference
between the 66 s and the middle-link interval.
The time between the initial link and food was
thus kept constant in this third schedule, as it
was when the middle and terminal links con-
sisted of FI components. But the times between
the onset of the middle link and the onset of
the terminal component were variable and in-
cluded a number of short intervals. Given pre-
vious data showing that such variable intervals
enhance reinforcement effectiveness in com-
parison to fixed intervals of the same mean
value (Killeen, 1968), the conditioned rein-
forcement properties of the middle-link stim-
ulus with this interdependent schedule should
be greater than the stimulus correlated with
the FI middle-link stimulus. At issue was the
strength of behavior maintained in the initial
link of the interdependent schedule. If more
like the chain with Fl components, the con-
trolling variable would be shown to be time to
food; if more like the chain with VI compo-
nents, the controlling variable would be the
conditioned reinforcement properties of the
middle-link stimulus.

METHOD
Subjects
The same 6 adult male White Carneau pi-

geons used by Royalty et al. (1987) were con-
tinued as subjects. All were maintained at 80%
of their free-feeding weights by additional
feeding, when necessary, after the experimen-
tal sessions.

Apparatus
Six identical operant chambers were used.

The chambers had opaque black side walls,
sheet aluminum front and back walls, a ply-
wood ceiling, and a wire mesh floor. Each
chamber was 32 cm high, 35 cm wide, and 36
cm deep, and had three response keys, each
2.5 cm in diameter, mounted 23 cm from the
floor and 7.25 cm apart, center to center, on
the front wall. Each key could be transillu-

minated from the rear and required a mini-
mum force of approximately 0.15 N to operate.
Feedback for each effective peck on a lighted
key was provided by darkening the key for 100
ms. Only the right key was used; the left and
center keys remained dark and responses on
them were not recorded. Access to a solenoid-
operated grain hopper, when activated, was
available through a rectangular opening, 5 cm
high and 6 cm wide, located 9.5 cm below the
center key. Reinforcement consisted of 3.5-s
access to milo. While the hopper was raised it
was illuminated by a white light and the key-
lights were extinguished. General chamber il-
lumination was provided by a dim blue house-
light mounted 4 cm above the right key. A
ventilation fan and continuously present white
noise masked extraneous sounds. Scheduling
of experimental events and data recording were
performed by a PDP-8E® (Digital Equip-
ment Corporation) computer located in an ad-
jacent room.

Procedure
The procedure was a continuation of that

of Royalty et al. (1987). Between the termi-
nation of the previous study and the beginning
of the present study was a period of 5 months
in which unsignaled delay contingencies were
studied with chain Fl FI Fl schedules. These
data will not be reported. Because the subjects
already had extensive training with the sched-
ules and keylights, they were begun immedi-
ately on the sequence of conditions shown in
Table 1. For all conditions, a three-component
chain was used in which the sequence of stim-
uli was always blue, red, and white for the
three links of the chain.

In Phase 1 the initial-link schedule was al-
ways Fl 33 s, while the schedules during the
middle links were varied. In the first condition
both the middle and terminal links were also
FI 33-s schedules. During the third condition,
independent VI 33-s schedules occurred in the
middle and terminal links. The intervals con-
stituting these schedules were drawn from a
modified 20-interval Fleshler and Hoffman
(1962) distribution. This distribution con-
sisted of a standard 20-interval VI 30-s dis-
tribution with 3 s added to each of the 20
intervals. This modification was used because
it had been used previously in the study of
Royalty et al. (1987). The second and fourth
conditions used interdependent VI schedules,
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Table 1

Order of conditions.

Schedule in middle and Number of
Order terminal links (in seconds) sessions

Phase 1: Initial-link schedule = FI 33 s
1 FI 33 FI 33 50
2 (VI + VI) = 66 25
3 VI 33 VI 33 20
4 (VI + VI) = 66 20

Phase 2: Initial-link schedule = VI 33 s
5 (VI + VI) = 66 60
6 Fl 33 FI 33 30
7 VI 33 VI 33 35
8 FI 33 FI 33 25
9 (VI + VI) = 66 25

in which the sum of the intervals for each
progression through the chain always equaled
66 s. This meant that the longest interval could
not exceed 66 s, so that an arithmetic rather
than exponential distribution of intervals was
used. The 23 intervals comprising this sched-
ule were spaced in 3-s steps, with Os as the
shortest interval and 66 s as the longest. For
an entry into the middle component of the
chain, the interval was chosen randomly from
this distribution, and the complement of that
interval was used during the following ter-
minal-link component.

In Phase 2 the schedule during the initial
link was changed to VI 33 s, while the sched-
ules during the middle and terminal links were
varied among the same set as in Phase 1. A
change also occurred in the arithmetic distri-
bution of intervals for the conditions in which
the VI schedules summed to 66 s. The shortest
interval was now 3 s, as it was with the mod-
ified expontential distribution used for the in-
dependent VI schedules (because of the ad-
dition of 3 s to each interval). Minor
adjustments in the remaining intervals were

then made in order to produce an arithmetic
mean of 33 s. These changes were made to
equate the harmonic mean of the interdepen-
dent schedule with that of the regular VI dis-
tribution. Because of the inclusion of the zero

interval in the distribution used in Phase 1,
the harmonic mean had been substantially
shorter than the regular VI. With the change
in intervals in Phase 2, the harmonic means,
as well as the arithmetic means, were approx-
imately equal.

Sessions were conducted 5 to 7 days per
week and were terminated after 60 reinforcers
had been delivered or after 75 min had elapsed.
Each condition was conducted for a minimum
of 20 sessions, after which response rate was
plotted for each subject and visually examined
for stability. If the data from any subject were
judged unstable, all subjects received an ad-
ditional five training sessions after which the
data were reexamined and either the condition
was terminated or an additional five sessions
were conducted. The actual numbers of ses-
sions presented are shown in Table 1.

RESULTS
FI Initial Links
The top portion of Figure 1 shows the mean

response rates during the last five sessions of
each condition from Phase 1. The chains with
FI Fl FI and Fl VI VI were presented only
once; that with interdependent VI schedule in
the middle and terminal links was presented
twice. In general, response rates were quite
low, with a mean of 2.8 responses per minute
with FI components in the middle and ter-
minal components, 6.5 with independent VI
components, and 4.1 with the interdependent
VI components. Such low response rates were
often manifested as frequent long pauses in the
initial link. The bottom portion of Figure 1
shows the average times spent in the initial
links, plotted on a log scale in order to encom-
pass the large range across subjects. In general,
the time data are consistent with the response-
rate data, as the times in the independent VI
VI condition were consistently shorter than in
the FI FI condition, whereas those with the
interdependent VI were, on average, inter-
mediate. Complete data are provided in the
Appendix. The major feature to note in the
appended data is that the long times spent in
the initial links substantially reduced the ob-
tained reinforcement rates, so that the differ-
ences that are shown may be due partly to the
correlated differences in reinforcement rate in
addition to the actual schedule contingencies.
Also note that the standard deviations were
substantial, indicating that the between-ses-
sion variability was often considerable.

Figure 1 shows that response rates in the
initial links were higher for all 6 subjects when
the independent VI schedules were used in the
middle and terminal links, in comparison to
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Fig. 1. Data from the last five sessions of each con-

dition in Phase 1, in which FI schedules occurred in the
initial link. The top panel shows the initial-link response
rates; the bottom panel shows the average times spent in
the initial links.

the Fl FI schedules. Response rates with the
interdependent VI were intermediate between
these two conditions, not only in terms of av-

erage rate but also in the performance of in-
dividual subjects. Three subjects (S-1, S-2, and
S-4) had response rates with the interdepen-
dent schedule that were comparable to those
with the FI FI schedule, whereas the rates for
the remaining subjects (S-3, S-5, and S-6) were
substantially higher with the interdependent
,VI schedule. The rates with the interdepen-
dent VI schedule were lower than with the
independent VI schedules for 5 of the 6 sub-
jects, whereas the exceptional subject (S-5) had
substantially different response rates with the
interdependent schedule across its two presen-

tations.

VI Initial Links
Figure 2 shows the corresponding data when

the FI schedules in the initial links were re-

placed by VI schedules. This training included
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Fig. 2. Data from the last five sessions of each con-
dition in Phase 2, in which VI schedules occurred in the
initial link. The top panel shows the response rates during
the initial links; the bottom panel shows the average times
spent in the initial links.

only 4 of the original 6 subjects, because Sub-
jects S-2 and S-4 failed to recover from the
pattern of frequent long pauses in the initial
link that had developed from the earlier train-
ing and were finally dropped from the study
after the failure of various efforts to produce
higher response rates. It should be noted that
these 2 subjects did have high initial-link rates
with chain VI VI VI schedules when studied
by Royalty et al. (1987). For the remaining
subjects, response rates in the initial links were
increased substantially by the change to VI
schedules. Averaged over all conditions, the
initial-link response rates for those subjects
were 5.8 responses per minute during Phase
1 but were 25.6 in Phase 2, an increase of over
400%.
Shown in the top portion of Figure 2 are

the response rates during the last five sessions
of each condition, which included two expo-
sures to the interdependent VI And FI sched-
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Fig. 3. Response rates from the middle and terminal links. The panels on the left are from Phase l with an FI

initial-link schedule; the panels on the right are from Phase 2 with a VI initial-link schedule.

ules and only one exposure to the independent
VI condition. The mean rates across subjects
(and replications of the same condition) were
19.9 in the Fl condition, 29.3 in the interde-
pendent VI condition, and 27.4 in the inde-
pendent VI condition. The differences between
the FI and both VI conditions, although small,
were consistent across all 4 subjects. With one

exception (S-5), the lowest response rates oc-
curred during both exposures to the Fl con-

dition, and for that subject, the exception was
due to the low rates that occurred in the in-
terdependent VI condition during its first pre-
sentation after the extended training with Fl
schedules in the initial link. Even for that sub-
ject, the average of the two replications of the
interdependent VI condition was higher than
the average for the replications of the FI con-
dition.
The Fl condition produced lower response

rates than the interdependent VI condition; the
FI condition also produced lower rates, in every
case, than the independent VI condition, al-

though for S-1 and S-5 this difference was very
small. There was no consistent difference be-
tween the two VI conditions.
The bottom portion of Figure 2 shows the

average times spent in the initial links of the
schedule. The differences were much smaller
than those seen in Figure 2 when the initial
link schedule was an FI, because with few
exceptions the subjects completed the initial
link in 33 to 36 s (minimum 33 s). In every
case in which longer times occurred, the sched-
ule in the succeeding links was Fl FI.

Middle and Terminal Links
The differences in initial-link performance

seen in Figures 1 and 2 were correlated with
differences in behavior during the middle and
terminal links of the chain. Figure 3 shows
those response rates for both the FI (left panels)
and VI initial links (right panels). The time
data are not presented because in every case
the subjects completed the middle and terminal
links in very near the minimum times (see

0
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Appendix). Considering first the data for which
the initial-link schedule was Fl, the middle-
link response rates show a pattern quite sim-
ilar to that seen in Figure 1 for the initial-link
rates. For 5 of the 6 subjects, response rates
in the middle link were lowest with the Fl FI
schedule, often substantially below those from
either of the two VI conditions. The behavior
for the remaining subject (S-4) is difficult to
interpret because its middle-link response rate
was also substantially higher than its terminal-
link rate. There was also a consistent differ-
ence between the independent VI and the
interdependent VI conditions; the former pro-
duced higher response rates for all 6 subjects.
The mean rates in the middle links (responses
per minute) averaged over subjects were 40.0
for the Fl Fl, 55.6 for the interdependent VI,
and 78.7 for the independent VI schedules.
The differences in the terminal-link rates were
generally less consistent across subjects, al-
though the pattern of mean rates was similar:
FI Fl = 70.0, interdependent VI = 78.2, in-
dependent VI schedules = 85.1.

Considering next the middle-link response
rates for the conditions when the initial-link
schedule was VI, the pattern of differences was
even more well defined. For all subjects, there
was a substantially lower response rate with
the Fl schedule in the middle link, whereas
there was no consistent difference between the
two VI conditions. The results for the terminal
component were more variable, with no con-
sistent differences across subjects, although the
pattern obtained in the middle link occurred
during the terminal link for Subjects S-1 and
S-3.
The pattern of results seen in Figure 3 sug-

gests that induction may have played a role in
producing the results seen for the initial links
in Figures 1 and 2. Given that the pattern of
differences in the initial links also occurred in
the middle and terminal links, the possibility
arises that the schedules in the middle and
terminal links themselves produced the differ-
ences in response rates, which then generalized
to the initial-link component as well. An al-
ternative account of the similarities across the
successive links of the chain is that the initial-
link response rates were determined by the
conditioned reinforcement effectiveness of the
stimuli correlated with the succeeding links of
the chain, and this conditioned reinforcement
value was correlated with the discriminative
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Fig. 4. Regression of middle- and terminal-link re-
sponse rates on initial-link rates. The top panel is from
Phase 1; the bottom panel is from Phase 2. Data points
are the means across subjects for each condition.

stimulus properties of those stimuli and hence
the response rates they controlled.
One method to distinguish between these

two accounts is to determine whether the pat-
tern of initial-link response rates was better
predicted by the middle- or by the terminal-
link rates. If induction were responsible for
the initial-link rates, and it is assumed that
the pattern of food-reinforced behavior during
the terminal link is the source of induction,
then the initial-link rates should be better cor-
related with the terminal-link rates. But if the
conditioned reinforcement properties of the
middle-link stimulus determine initial-link re-
sponding, the rate should be better predicted
by the pattern of middle-link responding.
Comparison of Figure 3 with Figures 1 and
2 suggests that the latter possibility was the
case, because the pattern of response rates in
the middle links of the schedules was generally
more similar to the initial-link pattern than
was the pattern of response rates in the ter-
minal links. For a more quantitative analysis
of this difference, Figure 4 shows the separate
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regression lines of the middle- and terminal-
link rates on the initial-link rate, presented
separately for the FI initial-link schedule (top
portion) and the VI initial-link schedule (bot-
tom portion). The data shown are the means
across subjects for each schedule condition. In-
dividual subject data were not aggregated be-
cause this would introduce a spurious corre-
lation due to organismic variables (i.e., a given
subject would be likely to have a low or high
response rate across successive components of
the schedule simply because of its response
topography or general vigor of behavior). Fig-
ure 4 shows that all four regression lines were
positive, indicating that the initial-link re-
sponse rates were positively correlated with
response rates in both of the succeeding links.
But it also shows that the regression line was
much steeper for the middle-link response rates;
its slope was approximately 1.5 greater than
that for the terminal-link rate for the FI ini-
tial-link schedule and approximately 2.0
greater for the VI initial-link schedule. Hence,
middle-link response rate predicted initial-link
response rate better than did the terminal-link
response rate.

DISCUSSION
The dominant variable controlling response

rate in the initial link of three-component chain
schedules was the schedule in the initial link
itself. Regardless of the intervening schedules
in the middle and terminal links, response rate
with an initial-link FI schedule was generally
10% to 25% of that with an initial-link VI
schedule. These differences were much larger
than those typically obtained with Fl versus
VI schedules of primary reinforcement (cf. Ca-
tania & Reynolds, 1968). The major problem
for explaining the poor maintenance of be-
havior in the initial link of chain FI FI FI
schedules thus appears not to be so much an
issue of the strength or weakness of the rein-
forcer contingent on initial-link responding,
but rather why the nature of the schedule itself
appears to be critical in the initial links of a
chain but not in its later components.
One possible explanation of the fact that Fl

schedules in the initial link of a chain maintain
behavior so poorly is that the period just after
primary reinforcement may be especially dis-
criminable as a period of extinction because
the food stimulus is highly memorable and
hence more easily established as a negative

discriminative stimulus due to its long tem-
poral separation from the food reinforcer.
However, the time between the onset of a chain
VI FI FI and food versus a chain Fl FI FI
and food does not appear to be sufficiently
different to cause the major differences in ini-
tial-link responding maintained by the two
schedules.
An alternative hypothesis is that the com-

bination of FI schedules with a conditioned
reinforcer (the middle-link onset) as the re-
sponse consequence enhances the inhibitory
aftereffects of primary reinforcement. That is,
the degree of temporal discrimination may be
a function of the value of the contingent rein-
forcer, so that weaker reinforcers are more
likely to produce longer pauses at the onset of
the interval. Such an explanation is in fact
predicted from the extension of the matching
law to single-response situations, on the basis
of the role played by reinforcers not under
experimenter control (Herrnstein's RO: Herrn-
stein, 1970). If the contingent reinforcer (the
onset of the middle link) is assumed to be weak,
the value of the extraneous reinforcers would
be large in comparison and thus, in combi-
nation with the temporal discrimination con-
tingencies implicit in the FI, would more
strongly suppress behavior in the period after
food delivery.
The differences in initial-link response rates

obtained as a function of the middle- and ter-
minal-link schedules were smaller and often
inconsistent. Regardless of the initial-link
schedule itself, higher response rates occurred
with VI schedules in the succeeding links than
with FI schedules. This difference alone does
not isolate the controlling variable, because the
VI schedules allowed the time between the
initial link and food to include several short
intervals, and such inclusion could have pro-
duced higher response rates in their own right.
Alternatively, the onset of the VI schedule in
the middle link of the chain was paired oc-
casionally with short times to the onset of the
terminal link, which should have enhanced its
conditioned reinforcement properties. In con-
trast, the onset of the FI middle-link schedule
was never paired with either the terminal-link
entry or food and thus should be a period of
discriminated extinction.
The critical data are from the interdepen-

dent VI schedules, which excluded variation
in time to food by always keeping the time to
food from the initial link the same as when FI
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components were employed. When FI sched-
ules were used in the initial link, response rates
with the interdependent VI components were
intermediate between those produced by the
Fl and VI components. Thus, the time to food
and the value of the middle-link onset may
have played separate roles. But when VI
schedules were the initial-link schedules, there
was no evidence that time to food influenced
responding: Response rates maintained by in-
terdependent VI and independent VI sched-
ules were similar, and both were higher than
with the Fl schedules. The use of VI schedules
in the initial link thus suggests that conditioned
reinforcement by the middle-link onset was the
major variable controlling initial-link re-
sponding. However, it should be noted that the
size of these differences was quite small for 2
of the 4 subjects, suggesting that other vari-
ables may have played a significant role.
The reason that the performance of some

subjects was similar under the FT Fl and in-
terdependent VI VI schedules in Phase 1 but
not in Phase 2 is unclear. Part of the reason
may be that 2 of the 3 subjects that showed
such similarity in Phase 1 (S-2 and S-4) were
dropped from the study in Phase 2 because
they continued to behave erratically during the
initial links, with frequent very long pauses,
even when the Fl initial-link schedule was
changed to a VI. A second possible reason is
that the order of conditions in Phase 1 was not
counterbalanced, so that the absence of a dif-
ference in Phase 1 might be due to a generally
decreasing response rate with increasing train-
ing, although inspection of Figure 1 offers little
evidence for this suggestion. A third factor is
that the intervals constituting the interdepen-
dent VI schedules were changed between
phases in order to make the shortest interval
in the middle link of the interdependent sched-
ule equal to the shortest interval in the inde-
pendent VI. But this change (eliminating the
zero interval) should have served to decrease
the rate maintained in the interdependent VI
condition and hence make it more similar to
the FI Fl condition in Phase 2 rather than less
so. It is possible that the presence of the zero
interval in the interdependent VI VI increased
initial-link responding in Phase 1, so that, had
it not been present, the interdependent VI and
FI Fl conditions would have been even more
similar. Such a possibility implicitly assumes
that conditioned reinforcement is the control-
ling variable, because time between middle-

link onset and food presentation was indepen-
dent of the nature of the interval distribution
and remained constant for the interdependent
condition throughout the experiment. Regard-
less of the factors contributing to the differ-
ences in results between the two phases of the
experiment, any conclusion about the results
of Phase 1 must remain tentative, given the
combination of extremely low response rates
and confounding effects of overall reinforce-
ment rate.
The small difference between the interde-

pendent and independent VI schedules with
Fl initial-link schedules may itself be due par-
tially to differences in conditioned reinforce-
ment. If the response rate maintained in the
middle link of the chain is regarded as an index
of the value of that component, the conditioned
reinforcement properties of middle-link onset
should be indexed by middle-link response
rates. Accordingly, initial-link response rates
should be predicted by middle-link response
rates. In fact, middle-link response rates were
higher for all subjects in Phase 1 with the
independent VI schedules than with the in-
terdependent VI schedules. This was not true
in Phase 2, with VI initial-link schedules, be-
cause the middle-link response rates were gen-
erally similar for both types of VI schedule
and both were substantially higher than with
the Fl middle link. In general, therefore, the
pattern of differences in the initial links of the
schedules was predicted by the pattern of dif-
ferences in middle-link response rates. Why
the interdependent VI schedules produced
lower middle-link response rates in Phase 1
and not in Phase 2 is unclear. One possibility
is that there could have been effects of delayed
primary reinforcement with the independent
VI VI schedule that did not occur with the
interdependent VI VI. Because short intervals
could occur occasionally in both the middle
and terminal components of the independent
VI VI schedule, the separation between food
and the onset of the middle link of that schedule
could be as short as 6 s, if the shortest intervals
were sampled within a particular exposure to
the entire chain. Such short temporal sepa-
rations from food might then be sufficient to
make the middle-link onset a more effective
conditioned reinforcer. In contrast, the onset
of the middle link of the interdependent sched-
ule was always 66 s, so that delayed reinforce-
ment effects from food presentation were un-
likely. The problem with this interpretation is
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that it does not explain why there were dif-
ferences in Phase 1 but not in Phase 2. What-
ever the cause of the differences in the middle-
link response rates, the correlation between
those differences and the pattern of initial-link
responding nevertheless is consistent with an
interpretation based on the conditioned rein-
forcement properties of the middle-link stim-
ulus.

Although the present data are consistent with
an analysis of chain schedules based on the
conditioned reinforcement role of the succes-
sive links of the chain, it can be argued that
they do not require such an analysis. The pres-
ent data establish that there is some effect of
the temporal intervals correlated with the on-
sets of the successive links of the chain, but
such effects need not be interpreted as the re-
sult of conditioned reinforcement. Instead, the
present data show only that time to reinforce-
ment, as measured from the initial link to food,
is not the controlling variable. But it should
be noted that the present data are comple-
mented by the results of Royalty et al. (1987),
who showed that response rates in similar chain
schedules were greatly reduced when the onset
of the successive link was briefly delayed, and
by the results of Dunn, Williams, and Royalty
(1987), who demonstrated that the choice of
stimulus associated with a terminal link of a
concurrent chains schedule was also greatly
reduced when that stimulus was devalued by
separate extinction preparations. In combi-
nation with those previous results, the present
findings argue strongly that conditioned re-
inforcement is indeed an essential concept for
understanding chain schedule performance.

If the foregoing analysis is accepted, the
present data suggest that the time to primary
reinforcement cued by the initial-link stimulus
has little influence on the behavior maintained
by that stimulus. This finding has important
implications for models of choice between dif-
ferent chain schedules (concurrent chains), be-
cause various models postulate that choice is
determined by the dynamics of temporal dis-
crimination and omit any role for conditioned
reinforcement. For example, Gibbon (1977)
assumes that choice is determined by the com-
bined estimates of time in the initial and ter-
minal links of the chain. Similarly, Mazur
(1984) has proposed that discrete-trial choice
can be predicted by the times to food correlated
with the choice alternatives, without regard for

the conditioned reinforcement properties of the
stimuli immediately contingent on choice. In
combination with the results of Royalty et al.
(1987) and Dunn et al. (1987), the present
results challenge such models and argue in-
stead that any adequate account must in some
way incorporate the concept of conditioned re-
inforcement.
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APPENDIX

Means of response rates (in responses per minute) and time (in seconds) in each component
of each condition. Standard deviations are in parentheses. Data are from the last five sessions
of each condition.
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Phase 1: FI initial links

Condition S-i S-2 S-3 S-4 S-5 S-6

FI FI, initial link
Rate

Time

FI FI, middle link
Rate

Time

FI Fl, terminal link
Rate

Time

6.5
(3.8)
41.4
(5.7)

21.5
(3.4)
37.1
(0.6)

56.0
(5.2)
33.3
(0.1)

VI + VI = 66, initial link
Rate 6.

Time

1.6

(2.7)
38.0
(2.8)

VI + VI = 66, middle link
Rate 37.3

(1.1)
Time 33.0

(2.2)
VI + VI = 66, terminal link
Rate 91.8

(5.4)
Time 35.6

(2.5)
VI VI, initial link
Rate

Time

VI VI, middle link
Rate

Time

VI VI, terminal link
Rate

Time

10.9
(1.8)
35.3
(0.5)

58.2
(3.4)
33.8
(3.2)

88.7
(5.1)
32.6
(2.6)

VI + VI = 66, initial link
Rate

Time

5.4
(1.2)
49.7
(14.3)

0.9
(0.7)

303.0
(69.5)

48.2
(5.9)
37.3
(2.3)

84.9
(8.5)
33.4
(0.3)

0.7
(0.3)

371.7
(75.1)

52.4
(18.6)
36.2
(3.7)

92.1
(6.3)
32.2
(4.4)

1.6
(0.5)

170.5
(25.7)

75.1
(3.5)
42.8
(19.2)

90.6
(4.8)
36.5
(4.4)

1.2
(0.9)

173.8
(109.0)

2.0
(0.4)
52.7
(6.1)

14.3
(3.8)
35.0
(1.0)

19.2
(2.9)
35.0
(0.8)

5.8
(0.9)
37.3
(1.0)

35.5
(4.3)
34.5
(1.7)

34.0
(4.1)
34.4
(1.9)

6.8
(0.7)
35.4
(0.7)

50.3
(5.6)
36.1
(6.1)

46.1
(3.6)
34.9
(4.3)

2.9
(0.8)
39.2
(2.7)

2.7
(1.5)
73.6
(21.3)

72.1
(19.1)
34.6
(0.8)

48.3
(1.0)
40.5
(15.7)

2.0
(0.5)
57.5
(11.5)

16.6
(1.7)
35.1
(1.5)

37.4
(3.0)
34.7
(1.5)

3.5
(0.7)
40.0
(2.0)

31.0
(2.5)
32.9
(4.3)

45.2
(9.5)
32.7
(2.9)

1.3
(1.0)

102.4
(51.5)

4.6
(4.9)
74.5
(48.1)

50.1
(1.9)
34.0
(0.4)

121.0
(13.0)
33.2
(0.3)

13.0
(5.9)
36.7
(1.5)

75.8
(16.9)
34.5
(2.1)

135.0
(10.4)
32.6
(2.5)

6.5
(2.7)
38.9
(2.2)

105.9
(4.9)
33.3
(2.0)

132.7
(7.6)
32.4
(4.7)

5.1
(1.6)
41.2
(1.7)

1.0
(0.7)

250.3
(227.7)

44.4
(24.9)
35.0
(1.4)

110.4
(21.2)
33.1
(0.1)

2.5
(1.8)
86.8
(45.8)

98.3
(9.4)
35.8
(2.8)

149.7
(10.2)
31.9
(2.2)

10.0
(1.9)
35.0
(0.5)

150.3
(13.1)
35.5
(4.8)

105.8
(8.3)
35.9
(3.4)

3.8
(3.9)
48.4
(8.8)



392 BEN A. WILLIAMS and PAUL ROYALTY

APPENDIX (Continued)

Phase 1: FI initial links

Condition S-1 S-2 S-3 S-4 S-5 S-6

VI + VI = 66, middle link
Rate 45.6 66.5 38.0 23.7 75.9 96.0

(3.5) (11.4) (1.0) (4.6) (11.6) (19.2)
Time 35.2 35.7 34.7 34.8 33.4 35.4

(2.8) (4.2) (3.0) (2.0) (1.3) (1.4)
VI + VI = 66, terminal link
Rate 59.6 76.4 29.9 42.7 104.2 87.9

(11.0) (16.8) (3.8) (2.9) (5.1) (10.3)
Time 34.4 33.5 34.2 34.4 33.7 31.9

(2.6) (4.5) (3.1) (1.5) (1.2) (1.6)

Phase 2: VI initial links

Condition S-i S-3 S-5 S-6

VI + VI = 66, initial link
Rate 26.6 40.8 26.0 24.1

(2.5) (2.9) (6.3) (18.7)
Time 36.3 33.4 36.5 41.0

(2.1) (2.1) (2.9) (7.1)
VI + VI = 66, middle link
Rate 36.0 56.7 86.5 93.4

(2.7) (6.5) (10.6) (17.5)
Time 35.3 33.3 35.1 31.8

(2.8) (2.6) (2.2) (2.1)
VI + VI = 66, terminal link
Rate 71.7 40.9 94.8 96.8

(8.1) (4.5) (8.1) (5.7)
Time 33.5 34.3 32.0 35.1

(2.3) (2.6) (2.5) (1.9)
FI Fl, initial link
Rate 24.8 21.6 28.2 18.2

(2.1) (2.0) (5.4) (3.6)
Time 37.2 38.0 36.6 44.0

(3.2) (3.5) (2.3) (3.7)
FI FI, middle link
Rate 22.8 25.7 32.1 52.4

(2.5) (2.7) (8.2) (9.4)
Time 36.1 34.0 34.2 34.2

(0.3) (0.3) (0.1) (0.4)
Fl FI, terminal link
Rate 29.2 16.6 82.2 114.6

(4.3) (3.3) (5.1) (7.8)
Time 33.9 38.0 33.2 33.0

(0.2) (1.1) (0.1) (0.0)
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APPENDIX (Continued)

Phase 2: VI initial links

Condition S-i S-3 S-5 S-6

VI VI, initial link
Rate

Time

VI VI, middle link
Rate

Time

VI VI, terminal link
Rate

Time

FI Fl, initial link
Rate

Time

Fl Fl, middle link
Rate

Time

Fl Fl, terminal link
Rate

Time

VI + VI = 66, initial link
Rate

Time

VI + VI = 66, middle link
Rate

Time

VI + VI = 66, terminal link
Rate

Time

25.5
(2.0)
35.8
(2.0)

46.2
(4.5)
34.6
(2.6)

34.7
(3.2)
34.6
(2.4)

21.2
(2.4)
38.6
(1.3)

34.1
(2.2)
35.0
(0.3)

32.1
(8.4)
36.1
(0.8)

25.8
(4.5)
36.1
(1.2)

47.5
(6.3)
34.0
(1.3)

50.2
(4.5)
36.0
(4.5)

7.9
(3.3)
45.9
(5.0)

31.1
(3.0)
35.0
(0.3)

13.1
(2.5)
39.2
(2.0)

26.1
(3.4)
37.1
(2.3)

46.9
(5.6)
37.5
(1.0)

30.0
(4.2)
35.2
(3.8)

58.0
(5.1)
34.8
(2.6)

68.8
(15.1)
31.2
(1.4)

46.9
(1.0)
32.2
(2.6)

31.2
(17.4)
36.9
(2.1)

60.3
(13.5)
32.7
(1.2)

151.3
(25.4)
33.7
(2.2)

32.1
(4.2)
33.7
(1.7)

45.3
(13.7)
34.0
(0.4)

105.4
(11.9)
33.1
(0.0)

40.6
(6.7)
35.0
(4.2)

62.7
(6.9)
33.6
(3.4)

104.7
(4.9)
33.5
(3.1)
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27.0
(14.8)
40.1
(2.5)

122.9
(44.4)
34.9
(1.7)

102.3
(8.5)
33.6
(2.1)

6.9
(6.6)

231.2
(266.0)

61.5
(19.7)
33.9
(0.5)

123.5
(31.6)
33.1
(0.0)

20.5
(6.0)
43.5
(7.5)

119.4
(15.9)
33.9
(1.3)

124.1
(10.0)
32.7
(1.4)


